31
tics of the study area, including meteorology, hydrology, topography and physical characteris- 
126
The Guojuanyan gully in Du Jiangyan city, located in the meizoseismal areas of the
127
Wenchuan earthquake, China, was selected as the study area (Fig. 1) . It is located at the 128 Baisha River, which is the first tributary of the Minjiang River. The seismic intensity of the 129 study area was XI, which was the maximum seismic intensity of the Wenchuan earthquake.
6
The Shenxi Gully Earthquake Site Park is at the right side of this gully. The area extends from accumulations and debris flow deposits (Q4 sef+del ). The thickness of the Quaternary strata 
144
Geomorphologically, the study area belongs to the Longmenshan Mountains. The famous
145
Longmenshan tectonic belt has a significant effect on this region, especially the Hongkou-
146
Yinxiu fault. The study area has strong tectonic movement and strong erosion, and the main 147 channel is "V"-shaped. The area is characterized by a rugged topography, and the main slope 148 gradient interval of the gully is 20° to 40°, accounting for 52.38% of the entire study area.
149
Climatically, this area has a subtropical and humid climate, with an average annual 150 temperature of 15.2°C and an average annual rainfall of 1200 mm (Wang et al., 2014).
7

Materials and debris flow characteristics of the study area 152
The Wenchuan earthquake generated a landslide in the Guojuanyan gully, leading to an 153 abundance of loose deposits that have served as the source materials for debris flows. A com-
154
parison of the Guojuanyan gully before and after the Wenchuan earthquake is shown in Fig. 3 .
155
According to the field investigation and field tests, the landslide 3D characteristics induced by 156 the earthquake and the infiltration characteristics of the loose materials are shown in Table 1 157 and Table 2 (Wang et al., 2016). They indicate that the volume of materials is more than 20 × 158 10 4 m 3 , and the infiltration capable of the earth surface have much increased. Therefore, the 159 trigger rainfall for debris flow has decreased greatly. The Guojuanyan gully had no debris 160 flows before the earthquake because of the lack of loose solid materials before the earthquake; 161 however, it became a debris flow gully after the earthquake, and debris flows occurred in the 162 following years (Table 3 ). The specific conditions of these debris flow events were collected 163 through field investigations and interviews. The field investigations and experiments deter-164 mined that the density of the debris flow was between 1.8 and 2.1 g/cm 3 . Unfortunately, there
165
were no rainfall data before 2011, when we started field surveys in the Guojuanyan gully. 
Debris flow monitoring and streambed survey of the study area 175
After the Wenchuan earthquake, continuous field surveillance was undertaken in the study area. A debris flow monitoring system was also established in the study area. To identify 177 the debris flow events, this monitoring system recorded stream water depth, precipitation and 178 real-time video of the gully (Fig. 4) . The water depth was measured using an ultrasonic level 179 meter, and precipitation was recorded by a self-registering rain gauge. The real-time video 
Data collection and the characteristics of rainfall 195
The Wenchuan earthquake occurred in the Longmenshan tectonic belt, located on the 
214
the total annual rainfall in this area was approximately 1148 mm, and rainfall in the monsoon tion of rainfall is seriously inhomogeneous; moreover, the rainfall intensity has great differ-218 ences. From 1971 to 2000, the maximum monthly rainfall was 592.9 mm, the daily maximum 219 rainfall was 233.8 mm, the hourly maximum rainfall was 83.9 mm, the 10-min maximum 220 rainfall was 28.3 mm, and the longest continuous rainfall time was 28 days.
221
Debris flow field monitoring data and on-site investigation data were used to identify the widely. The reason is that debris flow is usually triggered by short-duration rainstorms.
251
Therefore, the short-durations of 10-min and 1-h rainfall have higher correlation with debris 252 flow occurrence and have the minor differences. Actually, the 10-min rainfall intensity
253
(maximum precipitation over a 10-min period during the rainfall event) is the most 254 appropriate index for early warning of debris flow, which is most representative and has 255 minor error. However, it is difficult to obtain such short-duration rainfall data in actual debris 
270
these factors were combined to build the rainfall threshold model. This method can be applied 271 to the early warning system in the areas with scarcity of rainfall data.
272
The flow chart of the research is shown in Fig. 8 . 
Rainfall pattern and the spatial-temporal distribution characteristics 294
Calculation of watershed runoff yield and concentration 358
The stored-full runoff, one of the modes of runoff production, is also called as the super 
364
Jiangyan city, which is in a humid area. Therefore, stored-full runoff is the main pattern run-365 off producing mechanism in this gully, and this runoff yield pattern is used to calculate the 366 watershed runoff. That is, it is supposed that the water storage can reach the maximum stor- 
380
Eq. 5 can be expressed as follows:
The precipitation intensity is a measure of the peak precipitation. At the same time, the 383 duration of the peak precipitation is generally brief, lasting only up to tens of minutes. There-384 fore, 10-minute precipitation intensity (maximum precipitation over a 10-minute period dur-
385
ing the rainfall event) is selected as the stimulating rainfall for debris flow, which is appropri-386 ate and most representative. However, it is difficult to obtain such short-duration rainfall data 387 in areas with scarcity of data. Therefore, in this study, P and a P are replaced by 60 I (1 hour 388 rainfall) and API (the antecedent precipitation index), respectively; thus, Eq. 6 is expressed 389 as:
In the hydrological study, the runoff depth R is: 392 3.6 t 3.6 = 1000
where R is the runoff depth (m); W is the total volume of runoff (m 3 ); F is the watershed area 394 
Validation of the results 427
The calculation of the antecedent precipitation index ( API ) 428
The rainfall factor influencing debris flows consists of three parts: indirect antecedent 429 precipitation (IAP) (it is 0 a P in this paper), direct antecedent precipitation (DAP) (it is t R in this 430 paper), and triggering precipitation (TP) (it is 60 I in this paper). The relationships among them 431 are shown in Figure 12 . Obviously, IAP increases soil moisture and decreases the soil stability,
432
and DAP saturates soils and thus decrease the critical condition of debris flow occurrence.
433
Although TP is believed to initiate debris flows directly, its contribution amounts to only 37% Table 3 shows that debris flows occurred almost every year after the earthquake. Based 482 on the field tests and experience, the value of K and n in Eq.9 are identified as 0.8 and 20 483 days separately (Cui et al. 2007 ). Thus, the duration and intensity of the 1-h triggering rain-484 fall and cumulative rainfall for the typical rainstorms are shown in Table 6 .
485
In addition to the rainfall process of the 5 debris flow events (Fig. 13) , some typical rain-486 falls whose daily rainfall were greater than 50 mm but did not trigger a debris flow were also 487 calculated; the greatest 1-h rainfall is considered as 60 I (Table 6 ). 488 
490
The proposed rainfall threshold curve is a function of the antecedent precipitation index ( API ) and 1-h rainfall ( 60 I ), which is a line and a negative slope. 
About the two above points that did not trigger debris flows 501
The proposed rainfall threshold curve is a function of the antecedent precipitation index ( API ) and the 1-h rainfall ( 60 I ), which has been validated by rainfall and hazards data and 503
can be applied to debris flow early warning and mitigation. However, in Figure 14 Chi-Chi earthquake, to recover to the normal value. Hence, the rainfall threshold is not a con-541 stant value but changing with time.
542
Conclusions 543
(1) In the Wenchuan earthquake-stricken areas, loose deposits are widely distributed, 26 causing dramatic changes on the environmental development for the occurrence of debris 10-min and 1-h critical rainfalls of different debris flow events have minor differences; how-549 ever, the 24 hour critical rainfalls vary widely. The 10-min and 1-h critical rainfalls have a no-550 tably higher correlation with debris flow occurrences than to the 24-h critical rainfalls.
551
(2) The rainfall pattern of the Guojuanyan gully is the peak pattern, both single peak and 552 multi-peak. The antecedent precipitation index ( API ) was fully explored by the antecedent 553 effective rainfall and stimulating rainfall.
554
(3) As an important and effective means of debris flow early warning and mitigation, the 555 rainfall threshold of debris flow was determined in this paper, and a new method to calculate 556 the rainfall threshold is put forward. Firstly, the rainfall characteristics, hydrological charac-557 teristics, and some other topography conditions were analysed. Then, the critical water depth 
